The intracellular transport of proteins is a key aspect of the assembly of the various subcellular membranes and the organelles that these membranes define. Proteins destined for secretion, and those that will ultimately reside in such cellular locations as the plasma membrane, the Golgi apparatus, and lysozomes, all appear to be found at an earlier stage of their maturation in the endoplasmic reticulum (ER) and, on the basis of their glycosylation, appear to pass through the Golgi apparatus. This would imply the existence of a mechanism to transport these proteins from the endoplasmic reticulum to their final destination, as well as a means to achieve the specific "sorting" of the distinct sets of proteins that need to be delivered to the different organelles.
Although the existence of these transport and sorting processes is well documented (1), the mechanisms involved have remained mysterious. It is generally accepted that transport between organelles is mediated by small vesicles that bud off from one membrane and fuse with another, although direct evidence for this belief has generally been lacking (1) .
Clathrin-coated vesicles (2) are attractive candidates for these presumed transport vehicles. Their structure and properties make them seem well suited to act as a family of intracellular carriers of proteins and lipids. Coated vesicles function in endocytosis (3) and a wide variety of morphological evidence suggests other transport roles.
In this paper we report biochemical and kinetic evidence that an integral membrane protein of the plasma membrane is transported from its site of synthesis in the ER to the cell surface within small vesicles, and we have identified these as coated vesicles.
For these investigations we have used vesicular stomatitis virus (VSV), whose envelope (acquired during budding at the cell surface) contains only one species of integral membrane protein, G protein (4) . During VSV infection, G is the only glycoprotein synthesized. Like host-cell glycoproteins, G protein is transported from its site of synthesis and "core" glycosylation in the ER to the plasma membrane via the Golgi apparatust (7, 8) . The oligosaccharide added in the ER is modified in the Golgi apparatus by the removal of six mannose residues and the addition of the "terminal" sugars (5, 6, 8) . As a consequence, the oligosaccharide of the pre-Golgi form of G protein can be cleaved by endoglycosidase H (Endo H), resulting in a pronounced decrease in apparent molecular weight (5); the postGolgi form is resistant to Endo H.
MATERIALS AND METHODS Cells and Virus. CHO cells were maintained in suspension and infected with VSV as described (7) . A temperature-sensitive M-protein mutant of VSV, tsG31 (10), was kindly provided by J. Lenard (Rutgers University). At the restrictive temperature of 39.50C, virions are not produced (11), thus eliminating the major source of contamination of the coated vesicle preparation. Synthesis, glycosylation, and transport to the cell surface are not affected by this mutation (12, §) .
Large batches of cells were required for the isolation of coated vesicles from infected and control CHO cells (Fig. 1) . CHO cells were grown in 60-liter batches at the Massachusetts Institute of Technology Cell Culture Center. Typically, 100 g of packed cells were obtained and frozen at -80'C. Batches were infected at the Cell Culture Center with 5 plaque-forming units/cell of tsG31 for 5 hr as described (7) (5, 6) and terminal sugar addition occur, and then to the plasma membrane (7, 8) . This intracellular site where the oligosaccharides are modified serves as our biochemical definition of the "Golgi apparatus." We base this on an analogy to other cell types in which these modifications of oligosaccharides reside in the morphologically defined Golgi apparatus (9) . Although it appears highly likely that the biochemically and morphologically defined Golgi apparatuses are identical in CHO cells, this presumption remains to be directly tested. § J. E. Rothman, H. Bursztyn-Pettegrew, add R. E. Fine, unpublished data.
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vesicles from CHO and VSV-infected CHO cells by a variation of the method of Pearse (2) . Cells were thawed at 370C in 1 vol of 1 mM EDTA/10 mM Tris-HCl, pH 7.5/0.1 mM phenylmethylsulfonyl fluoride (Tris buffer) and homogenized in the Sorvall Omni-mixer for a total of 45 sec in three bursts. Four volumes of 0.1 M 4-morpholineethanesulfonic acid (Mes)/I mM ethylene glycol bis(13-aminoethyl ether)-N,NN',N'-tetraacetic acid (EGTA)/0.5 mM MgCl2/0.02% NaN3/0.1 mM phenylmethylsulfonyl fluoride (Mes buffer) were added, and this homogenate was centrifuged at 600 X g for 10 min. This postnuclear supernatant was sonicated with a microprobe (Branson Instruments) with four 15-sec bursts at the cavitation point and then incubated with pancreatic RNase A (10 Ag/ml) for 30 min on ice. The pellet after centrifugation at 55,000 X g for 1 hr was used as the source of crude coated vesicles in the Pearse (2) procedure. Typically, 0.2-0.3 mg of coated vesicles was obtained after the three sucrose gradients.
Copurification of Coated Vesicles with Brain Carrier. The procedure just described was used for the purification of coated vesicles from small quantities of radioactive CHO cells by using brain extract as carrier. Typically, 3 X 107 VSV-infected CHO cells (a5S-labeled, from pulse-chase experiments, 0.1 g wet weight) were thawed and swollen in Tris buffer, disrupted with 20 strokes of a tight-fitting Dounce homogenizer, and adjusted to Mes buffer. A postnuclear supernatant (1500 X g for 5 min) was prepared and sonicated as described above. The "extract" fraction (20,000 X g for 30 min) (2) from 10 g of calf brain was added to each sample as carrier. The rest of the procedure was as outlined above, except that only the first two gradients were routinely used. Typically, 0.5-0.7 mg of coated vesicles was recovered per sample.
Two criteria for purity were met by these preparations. § First, the spectrum of proteins observed in stained NaDodSO4/polyacrylamide gels were those of brain coated vesicles, with clathrin predominant. Second, when uniformly labeled CHO cells (prepared by growth for four doublings in [35S]methionine-labeled medium) were used in the copurification instead of pulse-labeled cells, autoradiography of these gels showed a close correspondence between the labeled and unlabeled bands, with [15S]clathrin as the principal species.
For most pulse-chase experiments, CHO cells uniformly labeled with [3H]leucine were also included in the copurification as an internal standard to normalize recovery. Cells were labeled by growth for four generations to a density of 7 X 105/ml in medium with 20% the normal level of leucine and containing 1 Pulse-Chase Experiments. CHO cells (2 X 108) were infected with 5 plaque-forming units/cell of VSV tsG31 as described (5) at 31°C. At 5 hr after infection, cells were washed in Earle's saline solution and suspended in 100 ml of infection medium lacking any methionine, containing dialyzed fetal calf serum (7) . After a 30-min equilibration at 39.5°C, [-`S]methionine (typically 1-5 mCi, >1000 Ci/mmol, Amersham) was added. After a 5-min pulse, unlabeled methionine (2.5 mM) was added, and 15-ml samples (3 X 107 cells) were taken at various times of chase. These cells were immediately mixed with 35 ml of ice-cold Earle's solution and centrifuged and the pellets were quickly frozen in liquid nitrogen for later use. For experiments in which [2-3H] mannose (Amersham, 20 Ci/mmol) was used as label, 2 X 108 cells were incubated with the isotope (5 mCi/100 ml) for 30 min in medium with 10% of the normal glucose level. 
RESULTS

G Protein Is Found in Coated Vesicles
Obtained from VSV-Infected Cells. If G protein is transported intracellularly by coated vesicles, then this polypeptide should be demonstrable in highly purified coated vesicle preparations. Coated vesicles were prepared from brain, CHO cells, and VSV-infected CHO cells by the Pearse (2) procedure with slight modifications. These preparations consisted almost exclusively of coated vesicles and empty coats, as judged by electron microscopy with uranyl acetate as negative stain. No virions were detected in preparations from infected cells, although some fibrous structures resembling disrupted nucleocapsids were observed. Fig. 1 shows a stained NaDodSO4/polyacrylamide gel of these coated vesicle preparations. The principal protein in each preparation ran in the same position as clathrin, the major coat protein of brain coated vesicles (2). In addition, there was a collection of polypeptides (group I) in the 100,000 Mr range which was found in coated vesicle preparations obtained from all three sources.
A protein that electrophoresed with the same mobility as G protein was observed in coated vesicles from VSV-infected cells. That this protein is actually G protein follows from two facts: (i) this band was not observed in coated vesicles from uninfected cells, and (ii) this band reacted with monospecific antiserum against G proteins as judged by an immune-replica technique. Biochemical studies also support the conclusion that this G protein is in coated vesicles. G protein in the coated vesicle preparation was present in nearly stoichiometric amounts with clathrin, making it unlikely that it was derived from a minor contaminant. From densitometry of the gels, we estimated that there is approximately one molecule of G protein for every two to three molecules of clathrin. Little or none of this G protein could be due to contaminating virions because no M protein could be detected. Furthermore, G protein in the preparation could be immunoprecipitated with monospecific antiserum against clathrin. A small proportion (4IO%) of the G protein in the preparation was sensitive to Endo H,1 as would be expected on the basis of the pulse-chase experiments shown below.
Significant quantities of N and L proteins were also found in these preparations and in preparations from infections with wild-type VSV. Together with genomic RNA, these proteins form the viral nucleocapsids (4) which are found in large amounts in the cytosol of infected cells. Based on their size and density, nucleocapsids can be expected to be contaminants in coated vesicle preparations, and the electron microscopic observations cited above support this. Because nucleocapsids do not contain G protein (4), they are presumably not of direct concern in these experiments, especially because of the immunocytochemical and biochemical$ studies showing that G protein resides in the coated vesicles.
One species of polypeptide in group I was markedly increased in coated vesicles from VSV-infected CHO as compared to uninfected cells (Fig. 1) . In fact, this species was found in equimolar amounts with G protein, as judged by densitometry.
This particular group I polypeptide might be specifically associated with those coated' vesicles transporting G protein.
Pulse-Chase Experiments Show that G Protein in Coated Vesicle Fractions Is in Transit to Plasma Membrane. The results just cited demonstrate that G protein is a major constituent of coated vesicles in infected cells and therefore suggest that coated vesicles act to transport G protein intracellularly. Pulse-chase experiments (7) were carried out to reveal whether this pool of G protein was in fact in transit.
Coated vesicles were copurified from samples of VSV-infected CHO cells taken at different times of chase. Coated vesicles were digested with Endo H, and the amount of 15S-labeled G protein in Endo-H-sensitive and -resistant forms was quantitated (Fig. 2) and expressed as a percent of the total radioactivity incorporated into G protein during the pulse (Fig.  3) , after correction for the yield (11%) of the purification.
As shown in Fig. 3 , two successive waves of G protein passed through highly purified coated vesicle fractions. The first wave immediately followed the chase, consisted of the Endo-Hsensitive form of G protein, and accounted at its peak for about 5% of the total 35S-labeled G protein in the cell. The second wave began later, consisted of the Endo-H-resistant form of G protein, and accounted at its peak for about 15% of the pulse label.
The time course of these successive waves fits well with the interpretation that they represent the successive transit steps between reticulum and Golgi apparatus and Golgi and plasma membrane, respectively. Specifically, 48% of labeled G protein in total cell homogenates was Endo H resistant (and therefore min of chase 0.5 7 (14) before analysis by electrophoresis. Endo H digestion was essentially as described (5), in 45 ul with 1.5 ng of enzyme for 16 hr. L, N, G, NS, and M denote the VSV-encoded proteins. When the oligosaccharides of G protein are cleaved by Endo H, the mobility of G is increased. GR (for Resistant) denotes G whose mobility is the same as before digestion; Gs (for Sensitive) denotes G of increased mobility. No effects were observed when enzyme was omitted. These data, after normalization to an internal standard for recovery and adjustment for yield (see Fig. 3 legend), were used to generate the graph in Fig. 3. (b) Enrichment of G protein relative to other viruscoded proteins during purification of coated vesicles. Autoradiograph of gel of samples of homogenate (H) and coated vesicle fractions that were prepared as follows: CV3, purified through a third sucrose gradient; A, coated vesicles obtained from two gradients were immunoprecipitated with anticlathrin serum (15) reached the Golgi apparatus) after 7 min of chase, § at which point at least half of this Endo-H-sensitive wave was complete. Furthermore, about 55% of G protein appeared on the cell surface by 65 min, a time at which the specific radioactivity of Endo-H-resistant G protein in coated vesicles had dropped to half its peak value (Fig. 3) . The time courses of the conversion of G protein to Endo H resistance were clearly different for whole cells and for coated vesicle fractions. For example, at 7 min of chase, half of total cellular G protein was resistant, whereas only 20% of G protein in coated vesicles was resistant to Endo H (Fig. 3) .
It is clear from Fig. 2a that G protein is not the only VSVcoded protein to be found in the coated vesicle fractions obtained after purification through the first two density gradients. Nevertheless, G protein is enriched relative to other VSV proteins when coated vesicle fractions are compared to the starting homogenate (3-fold relative to M; 2-fold relative to L or N). A further and more striking enrichment could be obtained (Fig.  2b) either by completing the purification with a third sediProc. Natl. Acad. Sci. USA 77 (1980) .z Fig. 2a was quantitated as follows. The fraction of 35S-labeled G protein in the whole cell ascribable to coated vesicles was determined from the fraction of the 35S-labeled G protein in the homogenate that was recovered in the copurified coated vesicle preparation (f) and from the yield of the purification. The former fraction (f) was determined from densitometry of autoradiographs of samples of coated vesicle preparations (Fig. 2) and of homogenates; the yield was determined from the fraction of 3H recovered when coated vesicles containing [3Himannose-labeled G protein (Fig. 4) were added back to homogenates and subjected to another round of purification. The yield after two gradients was 11%. For example, in Fig. 3 , the fraction of 35S-labeled G protein in the homogenate recovered in the coated vesicle fraction after 25 min of chase was 0.014; since the yield was 11%, the fraction of 35S-labeled G protein in coated vesicles in the homogenate would be 0.014/0.11 = 0.13, or 13%, as shown in Fig. 3 . It was also necessary to normalize the f values within each experiment to an internal standard so as to eliminate "noise" generated by random variations in the yield from sample to sample in the same experiment. Both total protein (representing brain coated vesicles) and [3H]ileucine (from uniformly labeled CHO cells) were used as the internal standards with similar results. To normalize, the average amount of 3H (this figure) or protein (not shown) recovered among the six time points (S) was determined, and the amount of internal standard recovered in each individual sample (S,) was expressed as a fraction of this average value (S,,/S). The fraction of total 35S-labeled G protein recovered in sample n, fn, was normalized by dividing it by this latter fraction; i.e., (fn)norm = f/(Sn/S). mentation velocity gradient or by immunoprecipitating with antiserum against clathrin. By either method, G protein was enriched 10-to 20-fold relative to N and L proteins in the homogenate; only a slight enrichment of G relative to M (4-fold) resulted. Neither the third gradient nor immunoprecipitation was used routinely because of the much reduced (4-fold) yields that resulted; when the third gradient was included in the purification §, and the appropriate correction made for reduced yield, the result was essentially that shown in Fig. 3 For this set of experiments the coated vesicle fraction was obtained from infected cells that had been labeled with [2- 3H]mannose for 30 min. Because G is the only glycoprotein synthesized after infection, all of the 3H in the coated vesicle fraction should be in G; this was confirmed by NaDodSO4 gel electrophoresis of the preparation (not shown). Forty percent of the 3H-labeled G protein in such preparations was Endo H sensitive (M. D. Snider and J. E. Rothman, unpublished experiments), as would be predicted on the basis of the kinetics in Fig. 3 for a 30-min pulse. 3H-Labeled G protein in coated vesicle preparations sedimented similarly to the protein of authentic brain coated vesicles in 20-60% sucrose equilibrium density gradients. § Treatment of coated vesicles with metrizamide results in the quantitative removal of coats and permits the isolation of the internal vesicles by flotation in a gradient of metrizamide. Fig.  4a shows that brain coated vesicles subjected to this protocol gave rise to two major peaks of protein in the metrizamide gradient. The denser peak (centered at fraction 8) contained no vesicles, no lipid, and over 99% of the clathrin; the lighter peak (centered at fraction 17) contained vesicles, virtually all of the lipid, and about one molecule of clathrin per vesicle (E. J. Patzer and J. E. Rothman, unpublished data). Virtually all of the 3H-labeled G protein floated up and banded with the coated vesicle-derived vesicle peak (Fig. 4a) . Fig. 4b shows that 3H-labeled G protein in coated vesicle preparations can be precipitated with monospecific anticlathrin serum (15) (Figs. 2 and 3 ) that we have identified a transit form of the VSV glycoprotein in highly enriched coated vesicle fractions whose kinetics show that it is in passage from the ER towards the plasma membrane, via the Golgi apparatus. This transit form of G protein is contained in particles whose properties are strikingly similar to those of coated vesicles (Fig. 4) . Furthermore, we have shown that G protein is found in comparable preparations of coated vesicles obtained from infected cells in steady-state amounts nearly stoichiometric with clathrin ( Fig.  1) and that this G protein resides within coated vesicles.
From these data we conclude that coated vesicles transport G protein in two successive stages during the passage of this membrane protein from its site of synthesis in the rough ER to the plasma membrane. The earlier stage is characterized by an Endo-H-sensitive form of G protein, whereas the later stage involves an Endo-H-resistant G protein. Therefore, we believe that the early stage corresponds to coated vesicles that bud off from the ER and fuse with the Golgi apparatus, thereby delivering G protein to this organelle, within which Endo H resistance is conferred. The late stage would then correspond to coated vesicles that bud from the Golgi apparatus and fuse with the plasma membrane.
It is an inherent limitation of this and all other cell fractionation studies that the source of a pulse-labeled protein could be a trace impurity of unknown origin. We believe the degree of purity of coated vesicle fractions (2, §) and their demonstrably high content of G protein (Fig. 1 ) make this possibility unlikely.
We have, therefore, provided what we believe to be the first biochemical and kinetic evidence that a nascent integral membrane protein is transported between the major organelles within discrete vesicles, and we have identified these as coated vesicles. Additionally, this establishes that coated vesicles are used in functions other than endocytosis.
Coated Vesicles Can Account for Transport of All the G Protein to Cell Surface. Fig. 3 shows that the first and second waves of transport contain about 5% and 15% of the total pulse label, respectively. This modest amount of labeled G protein found in coated vesicles at any one time is a necessary consequence of the rapid turnover of these vesicles and, indeed, would be expected for any transient species.
Coated vesicles form and fuse extremely rapidly. The time required for a complete cycle of transport in coated vesicles (i.e., formation of the vesicle, fusion with target organelle, and recycling of receptor and possibly coat to the plasma membrane) varies from only 1 to 5 min (3, 16) . Times very much longer than this are required to complete the two waves of G protein transport (about 20 min for the early wave, over 60 min for the late wave). Thus, only a small fraction of the total pool of pulse-labeled G protein could reside in coated vesicles at any one time. However, the cumulative effect would be to transport much larger amounts of G protein through multiple cycles.
Given cycling times of 1-5 min, it can easily be shown that the pool of G protein found in coated vesicles at any one time (5-15%, Fig. 3 ) is sufficient to account for the transport of all of the G protein in the time required.
Coated Vesicles and the Sorting Problem. The structure and properties of coated vesicles suggest plausible outlines of solutions to the central issues of the sorting problem in intracellular transport. Budding of the vesicle could be driven by the assembly of the polyhedral clathrin coat on the cytoplasmic surface of the parent membrane (2) . Specific packaging of proteins into the vesicle could be accomplished by binding to receptors (3) which, in turn, could bind to the coat proteins. Multiple species of coated vesicles (17) , each with specifically packaged contents, would also be necessary to explain sorting. A simple but reasonable point of view would therefore be that coated vesicles are a family of specific intracellular carriers of lipids and proteins which constitute the key intermediates in most sorting and transport events in higher cells.
